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Abstract
We study the possibility of singlet fermion dark matter and successful leptogenesis in minimal
scotogenic model which also provides a common origin of dark matter and light neutrino masses.
In this scenario, where the standard model is extended by three gauge singlet fermions and one
additional scalar doublet, all odd under an in-built Z2 symmetry, the lightest singlet fermion which
also happens to be the lightest Z2 odd particle, can be either thermal or non-thermal dark matter
candidate depending upon the strength of its couplings with standard model leptons and the Z2
odd scalar doublet. In both the scenarios, the Z2 odd scalar doublet plays a non-trivial role either
by assisting coannihilation with thermal dark matter or by providing a source for non-thermal dark
matter via decay. The heavier Z2 odd singlet fermion produces a net lepton asymmetry through
its out-of-equilibrium decay into standard model leptons and Z2 odd scalar doublet. We show that
the requirement of producing the observed baryon asymmetry pushes the scale of leptogenesis in
case of normal ordering of light neutrino masses to several order of magnitudes above TeV scale.
In case of inverted ordering however, it is possible to have successful N2 leptogenesis at a scale of
few tens of TeV. Correct dark matter abundance can be realised either by thermal freeze-out or by
freeze-in mechanism in different parts of the parameter space that can have interesting prospects
for ongoing experiments.
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I. INTRODUCTION
The fact that the present universe has a significant amount of mysterious, non-luminous,
non-baryonic form of matter, also known as dark matter (DM), is supported by several
observations [1]. Starting from the galaxy cluster observations made by Zwicky back in
1930’s [2], observations of galaxy rotation curves by Rubin in 1970’s [3], relatively recent
observation of the bullet cluster [4] and the latest data from cosmology experiment Planck
[5] have made it certain that approximately 27% of the present universe is composed of
DM, which is about five times more than the ordinary luminous or baryonic matter, while
the rest of it is composed of an even more mysterious dark energy. In terms of density
parameter ΩDM and h = Hubble Parameter/(100 km s
−1Mpc−1), the present DM abundance
is conventionally reported as [5]: ΩDMh
2 = 0.120 ± 0.001 at 68% CL. Since none of the
particles in the standard model (SM) can satisfy the requirements [6] a typical DM candidate
should satisfy, several beyond standard model (BSM) proposals have been put forward in
the past few decades [7]. The most popular as well as the most widely studied framework
among these proposals is the weakly interacting massive particle (WIMP) paradigm where
a DM candidate having mass typically around the electroweak scale and interactions with
SM particles similar to the electroweak interactions can naturally give rise to the correct
DM relic abundance after thermal freeze-out, a remarkable coincidence often referred to as
the WIMP Miracle [8]. For a recent review of WIMP models, please see [9]. Recently,
due to the non-observation of WIMP at different direct detection experiments like LUX
[10], PandaX-II [11, 12] and Xenon1T [13, 14], another DM framework has gained attention
where the interactions between DM and SM particles are much more weaker compared
to WIMP. Due to such feeble interactions, DM is never produced thermally in the early
universe, requiring a non-thermal origin of its relic abundance [15]. Such DM candidate
has negligible initial number density and later its number density freezes in due to decay or
scattering from other particles in the thermal bath. Due to its interactions and the way it
gets populated in the universe, such DM candidates are categorised as freeze-in (or feebly
interacting) massive particle (FIMP) paradigm. The tiny couplings between DM and visible
sector can be naturally realised either by higher dimensional operators [15–17] or through
some UV complete renormalisable theories [18].
Apart from the mystery of DM, another puzzling observation is the asymmetry in the
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visible sector: an excess of baryons over antibaryons. It is often quoted in terms of baryon
to photon ratio [1, 5]
ηB =
nB − nB¯
nγ
= 6.1× 10−10 (1)
If the universe had started in a baryon symmetric manner without any need of specific initial
conditions, there has to be some dynamical mechanism that has led to such an asymmetry
in the present epoch. Such a dynamical mechanism has to satisfy certain conditions, known
as Sakharov’s conditions [19] in order to generate a net asymmetry. These conditions are
(i) baryon number (B) violation, (ii) C and CP violation and (iii) departure from thermal
equilibrium. However, all these conditions can not be satisfied simultaneously in required
amounts within the SM alone, requiring BSM frameworks to account for the asymmetry.
One possible way is to extend the SM by heavy particles whose out-of-equilibrium decay
can lead to the generation of baryon asymmetry of the universe (BAU). This has been a
very well known mechanism of baryogenesis for a long time [20, 21]. One interesting way to
implement this mechanism is popularly known as leptogenesis, proposed by Fukugita and
Yanagida more than thirty years back [22]. For a review of leptogenesis, please see [23]. In
leptogenesis, an asymmetry is generated in the lepton sector first which later gets converted
into baryon asymmetry through (B + L)-violating EW sphaleron transitions [24]. For the
lepton asymmetry to be converted into baryon asymmetry, it is important that the processes
giving rise to the leptonic asymmetry freeze out before the onset of the sphaleron transitions
to prevent wash-out of the asymmetry [25]. An interesting feature of this scenario is that
the required lepton asymmetry can be generated through CP violating out-of-equilibrium
decays of the same heavy fields that take part in the seesaw mechanism [26–31] that explains
the origin of tiny neutrino masses [1], another observed phenomenon the SM fails to address.
Motivated by the above observed phenomena which the SM fails to explain, we consider
a BSM framework where the SM is extended by three copies of Z2 odd fermions singlet
under SM gauge symmetries, and an additional scalar field similar to the Higgs doublet of
the SM, but odd under the unbroken Z2 symmetry. It is the minimal model belonging to the
scotogenic framework proposed by Ma in 2006 [32]. The salient feature of this framework is
the way it connects the origin of light neutrino masses and DM. The unbroken Z2 symmetry
leads to a stable DM candidate while the Z2 odd particles generate light neutrino masses at
one loop level. Apart from this, the out-of-equilibrium decay of the heavy singlet fermions
can generate the required lepton asymmetry, which can give rise to the observed BAU after
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electroweak sphaleron transitions. Recently the authors of [33, 34] studied the possibility
of creating lepton asymmetry from the decay of lightest singlet fermion (N1) decay and
found that the required asymmetry can be produced for M1 ∼ 10 TeV within a vanilla
leptogenesis framework having hierarchical Z2 odd singlet fermionic masses while satisfying
the constraints from light neutrino masses1 . In order to allow the decay of the lightest singlet
fermion, the neutral component of the Z2 odd scalar doublet had to be the DM candidate
in these scenarios. Here we consider another possibility where the lightest Z2 odd singlet
fermion is also the lightest Z2 odd particle, and hence the DM candidate. In this scenario
the heavier singlet fermion N2 decay is primarily responsible for generating the required
lepton asymmetry. It should be noted that N2 decay dominating leptogenesis in usual type
I seesaw mechanism was discussed in several earlier works [36–48]. In these scenarios, the
right handed neutrino spectrum is hierarchical and N1 is too light to generate a sizeable
asymmetry (lighter than the Davidson-Ibarra upper bound [35]). The next to lightest right
handed neutrino N2 can be heavy enough and can produce the correct asymmetry for some
parameter space of the models. This vanilla N2 leptogenesis scenario is however, different
from ours as in our case N1 is perfectly stable and can not decay. We find that our N2
leptogenesis scenario is more constrained compared to the vanilla N1 decay scenario in the
scotogenic model [33, 34], pushing the scale of leptogenesis slightly high. On the other
hand, the DM phenomenology can be richer due to the possibility of either WIMP or FIMP
scenario. Since DM is a gauge singlet, it is possible, in principle, to realise either WIMP or
FIMP scenario depending upon the smallness of respective Yukawa couplings. We constrain
the parameter space from the requirement of generating the lepton asymmetry from N2
decay, correct relic abundance of N1 DM either via freeze-out or freeze-in while at the same
time satisfying the constraints from light neutrino mass and mixing. Although the scale of
leptogenesis gets pushed up, there exists rich new physics close to TeV scale in terms of DM
and Z2 odd scalar doublet that can be tested at ongoing experiments.
The rest of the paper is organised as follows. In section II, we describe the minimal
scotogenic model, its particle spectrum and origin of light neutrino masses. In section III,
we summarise the basic ways of calculating dark matter abundance in freeze-out and freeze-
in scenarios. In section IV, we discuss the basics of leptogenesis from N2 decay followed by
1 Note that this is a significant improvement over the usual Davidson-Ibarra bound M1 > 10
9 GeV for
vanilla leptogenesis in type I seesaw framework [35]
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discussion of our results in section V. We finally conclude in section VI.
II. SCOTOGENIC MODEL
As pointed out earlier, we consider the minimal model belonging to the scotogenic frame-
work in our study. It is an extension f the SM by three copies of SM-singlet fermions Ni
(with i = 1, 2, 3) and one SU(2)L-doublet scalar field η (also called inert doublet), all being
odd under an in-built and unbroken Z2 symmetry, while the SM fields remain Z2-even, i.e.
under the Z2-symmetry, we have
Ni → −Ni, η → −η, Φ1 → Φ1, ΨSM → ΨSM , (2)
where Φ1 is the SM Higgs doublet and ΨSM’s stand for the SM fermions. This Z2 sym-
metry, though ad hoc in this minimal setup, could be realized naturally as a subgroup of
a continuous gauge symmetry like U(1)B−L with non-minimal field content [49, 50]. The
unbroken Z2 symmetry also forbids the second Higgs doublet or the inert doublet to acquire
any non-zero vacuum expectation value (VEV). The Z2 odd nature ensures that the second
Higgs doublet couples to lepton doublets only via interactions involving the Z2 odd singlet
fermions. Since the interactions of the second Higgs doublet with the usual SM fermions are
forbidden at renormalisable level, it is often referred to as the inert doublet. The relevant
Yukawa Lagrangian involving the lepton sector is
L ⊃ 1
2
(MN)ijNiNj +
(
Yij L¯iη˜Nj + h.c.
)
. (3)
The Z2 symmetry also prevents the usual Dirac Yukawa term L¯Φ˜1N involving the SM
Higgs, and hence, the Dirac mass term in the seesaw mechanism. This eventually forbids
the generation of light neutrino masses at tree level through the conventional type I seesaw
mechanism [26–31].
The scalar sector of the model is same as the inert Higgs doublet model (IHDM) [51], a
minimal extension of the SM by a Z2 odd scalar doublet in order to accommodate a DM
candidate [32, 49, 52–64]. The Z2 symmetry prevents linear and trilinear terms of the inert
doublet with the SM Higgs. The bare mass squared term of the inert doublet is chosen to
be positive definite in order to ensure that it does not acquire any non-zero VEV. Absence
of linear terms ensures that it does not even acquire any induced VEV after electroweak
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symmetry breaking (EWSB). The scalar potential of the model involving the SM Higgs
doublet Φ1 and the inert doublet η can be written as
V (Φ1, η) = µ
2
1|Φ1|2 + µ22|η|2 +
λ1
2
|Φ1|4 + λ2
2
|η|4 + λ3|Φ1|2|η|2
+ λ4|Φ†1η|2 +
[
λ5
2
(Φ†1η)
2 + h.c.
]
. (4)
As mentioned earlier, in order to ensure that none of the neutral components of the inert
Higgs doublet η acquire a nonzero VEV, µ22 > 0 is assumed. This also ensures that the Z2
symmetry does not get spontaneously broken. The EWSB occurs due to the nonzero VEV
acquired by the neutral component of SM like Higgs doublet Φ1. After the EWSB, these
two scalar doublets can be written in the following form in the unitary gauge:
Φ1 =
 0
v+h√
2
 , η =
 H±
H0+iA0√
2
 , (5)
where h is the SM-like Higgs boson, H0 and A0 are the CP-even and CP-odd scalars, and
H± are the charged scalars from the inert doublet. The masses of the physical scalars at
tree level can be written as
m2h = λ1v
2,
m2H± = µ
2
2 +
1
2
λ3v
2,
m2H0 = µ
2
2 +
1
2
(λ3 + λ4 + λ5)v
2 = m2H± +
1
2
(λ4 + λ5) v
2,
m2A0 = µ
2
2 +
1
2
(λ3 + λ4 − λ5)v2 = m2H± +
1
2
(λ4 − λ5) v2 . (6)
Without any loss of generality, we consider λ5 > 0 so that the CP-odd scalar is lighter than
the CP-even one. Since lightest component of inert doublet is not the DM candidate in
our scenario, we can have any mass ordering among its components. This will not change
the analysis we are going to do in upcoming sections, however these possibilities can be
distinguished by their signatures at collider experiments like the large hadron collider (LHC).
Light neutrino masses arise at one loop level as shown in Feynman diagram of figure 1.
The one-loop contribution can be evaluated as [32, 65]
(Mν)ij =
∑
k
YikYjkMk
32pi2
(
m2H0
m2H0 −M2k
ln
m2H0
M2k
− m
2
A0
m2A0 −M2k
ln
m2A0
M2k
)
≡
∑
k
YikYjkMk
32pi2
[
Lk(m
2
H0)− Lk(m2A0)
]
, (7)
6
νjNk
×
Nkνi
η
η
< Φ1 >< Φ1 >
FIG. 1. One-loop contribution to neutrino mass in the scotogenic model.
where Mk is the mass eigenvalue of the mass eigenstate Nk in the internal line and the
indices i, j = 1, 2, 3 run over the three neutrino generations as well as three copies of Ni.
The function Lk(m
2) is defined as
Lk(m
2) =
m2
m2 −M2k
ln
m2
M2k
. (8)
From the expressions for physical scalar masses given in equations (6), we can write m2H0 −
m2A0 = λ5v
2. Therefore, in the limit λ5 → 0, the neutral components of inert doublet
η become mass degenerate. Also, a vanishing λ5 implies vanishing light neutrino masses
which is expected as the λ5-term in the scalar potential (4) breaks lepton number by two
units, when considered together with the SM-singlet fermions Lagrangian (3). Since setting
λ5 → 0 allows us to recover the lepton number global symmetry, the smallness of λ5 is
technically natural in the ’t Hooft sense [66]. We will see later that such small λ5 is indeed
required for certain scenarios in order to achieve the desired phenomenology.
As we will see in the upcoming sections, the requirement of correct DM phenomenology
for N1 DM significantly constrain the Yukawa couplings. In particular, the requirement of
FIMP DM tightly constrains the Yukawa couplings involving N1 very small ≤ 10−8 while
for WIMP DM the same Yukawa couplings should be of order one O(1). Accordingly,
the parameter λ5 has to be tuned in order to generate the correct light neutrino masses.
It is important to ensure that the choice of Yukawa couplings as well as other parameters
involved in light neutrino mass are consistent with the cosmological upper bound on the sum
of neutrino masses,
∑
imi ≤ 0.11 eV [5], as well as the neutrino oscillation data [67, 68]. In
order to incorporate these constraints on model parameters, it is often useful to rewrite the
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neutrino mass formula given in equation (7) in a form resembling the type-I seesaw formula:
Mν = Y Λ
−1Y T , (9)
where we have introduced the diagonal matrix Λ with elements
Λi =
2pi2
λ5
ζi
2Mi
v2
, (10)
and ζi =
(
M2i
8(m2H0 −m2A0)
[
Li(m
2
H0)− Li(m2A0)
])−1
. (11)
The light neutrino mass matrix (9) which is complex symmetric, can be diagonalised by the
usual Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix U 2, written in terms of
neutrino oscillation data (up to the Majorana phases) as
U =

c12c13 s12c13 s13e
−iδ
−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13
UMaj (12)
where cij = cos θij, sij = sin θij and δ is the leptonic Dirac CP phase. The diagonal
matrix UMaj = diag(1, e
iα, ei(ζ+δ)) contains the undetermined Majorana CP phases α, ζ. The
diagonal light neutrino mass matrix is therefore,
Dν = U
†MνU∗ = diag(m1,m2,m3) . (13)
The diagonal mass matrix of the light neutrinos can be written as
Dν = diag(m1,
√
m21 + ∆m
2
21,
√
m21 + ∆m
2
31)
for normal ordering (NO) and
Dν = diag(
√
m23 + ∆m
2
23 −∆m221,
√
m23 + ∆m
2
23,m3)
for inverted ordering (IO). Since the inputs from neutrino data are only in terms of the
mass squared differences and mixing angles, it would be useful for our purpose to express
the Yukawa couplings in terms of light neutrino parameters. This is possible through the
Casas-Ibarra (CI) parametrisation [69] extended to radiative seesaw model [70] which allows
us to write the Yukawa coupling matrix satisfying the neutrino data as
Y = UD1/2ν R
†Λ1/2 , (14)
where R is an arbitrary complex orthogonal matrix satisfying RRT = 1.
2 Usually, the leptonic mixing matrix is given in terms of the charged lepton diagonalising matrix (Ul) and
light neutrino diagonalising matrix Uν as U = U
†
l Uν . In the simple case where the charged lepton mass
matrix is diagonal which is true in our model, we can have Ul = 1. Therefore we can write U = Uν .
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III. DARK MATTER
As pointed out earlier, the DM candidate in our model is the lightest Z2 odd singlet
fermion N1. Being gauge singlet, the production mechanism of N1 DM crucially depends
upon its Yukawa couplings with the SM leptons and inert doublet η. Depending upon the
size of these Yukawa couplings, one can either realise WIMP or FIMP type DM in our model.
For WIMP type DM which is produced thermally in the early universe, its thermal relic
abundance can be obtained by solving the Boltzmann equation for the evolution of the DM
number density nDM:
dnDM
dt
+ 3HnDM = −〈σv〉
[
n2DM − (neqDM)2
]
, (15)
where neqDM is the equilibrium number density of DM and 〈σv〉 is the thermally averaged
annihilation cross section, given by [71]
〈σv〉 = 1
8m4DMTK
2
2
(
mDM
T
) ∞∫
4m2DM
σ(s− 4m2DM)
√
s K1
(√
s
T
)
ds , (16)
where Ki(x)’s are modified Bessel functions of order i. One can solve equation (15) to
obtain the freeze-out temperature Tf and the relic abundance ΩDM =
ρDM
ρc
, where ρDM is the
DM energy density and ρc =
3H20
8piGN
is the critical energy density of the universe, with GN
being Newton’s gravitational constant and H0 ≡ 100 h km s−1 Mpc−1 is the present-day
Hubble expansion rate. For N1 WIMP, the main annihilation channel is the one in which
N1 self annihilates into a pair of leptons mediated by η in the t-channel. Another important
process that can effect the relic abundance of N1 WIMP is its coannihilation with other
Z2 odd particles in the thermal bath. In the presence of coannihilation, the effective cross
section at freeze-out can be expressed as [72]
σeff =
N∑
i,j
〈σijv〉gigj
g2eff
(1 + ∆i)
3/2(1 + ∆j)
3/2e−zf (∆i+∆j) , (17)
where ∆i =
mi−mDM
mDM
is the relative mass difference between the heavier component i of the
inert Higgs doublet (with gi internal degrees of freedom) and the DM,
geff =
N∑
i=1
gi(1 + ∆i)
3/2e−zf∆i (18)
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is the total effective degrees of freedom, and
〈σijv〉 = zf
8m2im
2
jmDMK2
(
mizf
mDM
)
K2
(
mjzf
mDM
)
×
∞∫
(mi+mj)2
ds σij
(
s− 2(m2i +m2j)
)√
s K1
(√
s zf
mDM
)
(19)
is the modified thermally averaged cross section, compared to equation (16). In the above
expressions
zf ≡ mDM
Tf
= ln
(
0.038
g
g
1/2
∗
MPlmDM〈σv〉f
)
, (20)
with g being the number of internal degrees of freedom of the DM and the subscript f on
〈σv〉 meaning that the quantity is evaluated at the freeze-out temperature Tf . This can
be done from the equality condition of DM interaction rate Γ = nDM〈σv〉 with the rate of
expansion of the Universe H(T ) '
√
pi2g∗
90
T 2
MPl
, referred to as the freeze-out condition. In the
present model, one can have coannihilation between N1 and N2,3 as well as between N1 and
η. As we will show later, the requirement of successful N2 leptogenesis pushes the masses
of N2,3 to higher values, making their coannihilations with N1 highly inefficient. However,
the mass of η can remain very close to that of N1 enhancing the coannihilation effects. For
a recent study on such coannihilation effects, please see [73].
On the other hand, if the Yukawa couplings of N1 with SM leptons are very small, the
FIMP possibility will arise. In such a case, as mentioned earlier, N1 never reaches thermal
equilibrium with the standard bath and has to be generated from decay or scattering of
particles in the thermal bath. If the same couplings are involved in both scattering and
decay, then decay contributions dominate [15]. In our model, the most dominant decay
producing N1 is the two body decay of η → lN1 given by
Γη→N1l ∼=
mηY
2
8pi
(
1− M
2
1
m2η
)2
(21)
where Y is the effective Yukawa coupling (up to the flavour indices), M1 is the mass of FIMP
type DM particle N1 and mη is the mass of the mother particle. By virtue of its gauge
interactions, η can be thermally produced in the early universe. Therefore, the coupled
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Boltzmann equations for comoving number densities of N1 and η can be written as
dYη
dz
= −4pi
2
45
MPlmη
1.66
√
g∗(z)
z2
[ ∑
p≡SM particles
〈σv〉ηη→pp(Y 2η − (Y eqη )2
)
] (22)
− MPl
1.66
z
m2η
√
g∗(z)
gs(z)
Γη→N1lYη (23)
dYN1
dz
=
MPl
1.66
z
m2η
√
g∗(z)
gs(z)
Γη→N1lYη (24)
where z =
mη
T
is a dimensionless variable and MPl is the Planck mass. gs(z) is the number
of effective relativistic degrees of freedom associated with the entropy density of the universe
at some z, and the g∗(z) is defined by√
g?(z) =
gs(z)√
gρ(z)
(
1− 1
3
d ln gs(z)
d lnz
)
. (25)
Here, gρ(x) denotes the effective number of degrees of freedom related to the energy density
of the universe at z. The first term on the right hand side of equation (23) corresponds to
the self annihilation of η into SM particles and vice versa which play important roles in its
thermal freeze-out. The second term on the right hand side of this equation corresponds to
the dilution in η number density due to its decay into DM. The right hand side of equation
(24) contains the term which contributes to N1 number density from decay of η. Since DM
is always out of thermal equilibrium in this scenario, the other terms are absent on the right
hand side. The decay of η into N1 can arise either while η is in thermal equilibrium or after
η freezes out from the thermal bath. In both the epochs, the above Boltzmann equations
can be written approximately as
dYη
dz
= −MPl
1.66
z
m2η
√
g∗(z)
gs(z)
Γη→N1lYη (26)
dYN1
dz
=
MPl
1.66
z
m2η
√
g∗(z)
gs(z)
Γη→N1lYη. (27)
The initial conditions required to solve these two equations will however, be different de-
pending upon the epochs. While η is in thermal equilibrium, the initial number density
of η is same as its equilibrium number density while the initial number density for N1 is
vanishingly small. In order to solve these two equations after η freeze-out, the initial number
density for η will be its freeze-out abundance while the initial abundance of N1 will be same
11
Nk
li
η
+
Nk
li, l¯i
η
Nl
li
η
+
Nk
li
η
Nl
li
η
FIG. 2. Heavy singlet fermion decay contribution to generating lepton asymmetry from the inter-
ference of tree level and one loop diagrams.
as the final abundance of N1 from the solution during pre-freeze-out epoch. More accurate
estimate will be obtained by solving the two equations at one step by numerically integrating
from high to low temperatures.
IV. LEPTOGENESIS
As mentioned earlier, a net lepton asymmetry can be generated in this model via out-
of-equilibrium decay of the Ni [33, 34, 54, 74–77] as shown in figure 2. Similar to the
Davidson-Ibarra bound in type I seesaw leptogenesis mentioned earlier, here also one can
derive a comparable lower bound with only two Z2 odd singlet fermions in the strong washout
regime. With three singlet fermions in the scotogenic model, this bound can be lowered down
to around 10 TeV [33, 34] without any need of resonance enhancement [78, 79]. Since we
consider the leptogenesis to be generated from N2 decay effectively, by considering N1 to be
the lightest Z2 odd particle which can not decay, our scenario is more constrained compared
to the ones discussed in [33, 34]. Although N3 decay can also generate lepton asymmetry, in
principle, we consider the asymmetry generated by N3 decay or any pre-existing asymmetry
to be negligible due to strong washout effects mediated either by N2 or N3 themselves. We
also neglect ∆L = 1 scattering processes and flavour effects.
The CP asymmetry parameter is defined as
i =
∑
α Γ(Ni → lαη)− Γ(Ni → l¯αη¯)∑
α Γ(Ni → lαη) + Γ(Ni → l¯αη¯)
. (28)
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The CP asymmetry parameter for Ni → lαη, l¯αη¯ is given by
iα =
1
8pi(Y †Y )ii
∑
j 6=i
[
f
(
M2j
M2i
,
m2η
M2i
)
Im[Y ∗αiYαj(Y
†Y )ij]− M
2
i
M2j −M2i
(
1− m
2
η
M2i
)2
Im[Y ∗αiYαjHij]
]
(29)
where, the function f(rji, ηi) is coming from the interference of the tree-level and one loop
diagrams shown in figure 2 and has the form
f(rji, ηi) =
√
rji
[
1 +
(1− 2ηi + rji)
(1− η2i )2
ln(
rji − η2i
1− 2ηi + rji )
]
(30)
with rji = M
2
j /M
2
i and ηi = m
2
η/M
2
i . The self energy contribution Hij is given by
Hij = (Y
†Y )ij
Mj
Mi
+ (Y †Y )∗ij (31)
Now, the CP asymmetry parameter, neglecting the flavour effects (summing over final state
flavours α) is
i =
1
8pi(Y †Y )ii
∑
j 6=i
Im[((Y †Y )ij)2]
1√
rji
F (rji, ηi) (32)
where the function F (rji, η) is defined as
F (rji, ηi) =
√
rji
[
f(rji, ηi)−
√
rji
rji − 1(1− ηi)
2
]
. (33)
Let us define the decay parameter as
KN2 =
Γ2
H(z = 1)
(34)
where Γ2 is the N2 decay width, H is the Hubble parameter and z = M2/T with T being the
temperature of the thermal bath. Leptogenesis occurs far above the electroweak scale where
the universe was radiation dominated. In this era the Hubble parameter can be expressed
in terms of the temperature T as follows
H =
√
8pi3g∗
90
T 2
MPl
= H(z = 1)
1
z2
(35)
where g∗ is the effective number of relativistic degrees of freedom and MPl ' 1.22 × 1019
GeV is the Planck mass. The decay width Γ2 can be calculated as
Γ2 =
M2
8pi
(Y †Y )22(1− η2)2 (36)
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The frequently appearing Y †Y is calculated using Casas-Ibarra parametrisation and it is
given as
(Y †Y )ij =
√
ΛiΛj(RDνR
†)ij (37)
Dν = diag(m1,m2,m3) is the diagonal active neutrino mass matrix. One important point
here is to note down that the important quantity Y †Y for leptogenesis is independent of
the lepton mixing PMNS matrix, whereas it is dependent on the complex angles of the CI
parametrization. Thus the CP violating phases relevant for leptogenesis are independent of
the CP violating phases in the PMNS matrix. The dependence of the CP asymmetry on Mi
and λ5 is evident through Λi.
The basic equations to track the dynamics of leptogenesis are the Boltzmann equations
given by [80]
dnN2
dz
= −D2(nN2 − neqN2) , (38)
dnB−L
dz
= −2D2(nN2 − neqN2)−W1nB−L , (39)
where neqN2 =
z2
2
K2(z) is the equilibrium number density of N1 (with Ki(z) being the modified
Bessel function of i-th kind). The quantity on the right hand side of the above equations
D2 ≡ Γ2
Hz
= KN2z
K1(z)
K2(z)
(40)
measures the total decay rate of N2 with respect to the Hubble expansion rate, and similarly,
W1 ≡ ΓWHz measures the total washout rate. The washout term is the sum of two contribu-
tions, i.e. W1 = WID + W∆L=2, where the washout due to the inverse decays `η, ¯`η
∗ → N2
is given by
WID =
1
4
KN2z
3K1(z) , (41)
and that due to the ∆L = 2 scatterings `η ↔ ¯`η∗, ``↔ η∗η∗ is given by [33]
W∆L=2 ' 18
√
10MPl
pi4g`
√
g∗z2v4
(
2pi2
λ5
)2
M2m¯
2
ζ , (42)
where we have assumed η2  1 for simplicity, g` stands for the internal degrees of freedom
for the SM leptons, and m¯ζ is the effective neutrino mass parameter, defined as
m¯2ζ ' 4ζ21m2l + ζ2m2h1 + ζ23m2h2 , (43)
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with ml,mh1,h2 are being the lightest and heavier neutrino mass eigenvalues, ζi defined in
equation (11) and Li(m
2) defined in equation (8). It should be noted that equation (42) is
similar to the ∆L = 2 washout term in vanilla leptogenesis, except for the
(
2pi2
λ5
)2
factor.
After obtaining the numerical solutions of the above Boltzmann equations (38) and (39),
we convert the final B − L asymmetry nfB−L just before electroweak sphaleron freeze-out
into the observed baryon to photon ratio by the standard formula
ηB =
3
4
g0∗
g∗
asphn
f
B−L ' 9.2× 10−3 nfB−L , (44)
where asph =
8
23
is the sphaleron conversion factor (taking into account two Higgs doublets).
We take the effective relativistic degrees of freedom to be g∗ = 110.75, slightly higher than
that of the SM at such temperatures as we are including the contribution of the inert doublet
too. In the WIMP DM scenario it will be enhanced by approximately 1 as N1 remains in
thermal equilibrium. The heavier singlet fermions N2,3 do not contribute as they have
already decoupled from the bath by this epoch. In the above expression g0∗ =
43
11
is the
effective relativistic degrees of freedom at the recombination epoch.
V. RESULTS AND DISCUSSION
We first consider normal ordering of light neutrino masses and solve the Boltzmann
equations for lepton asymmetry mentioned in the previous section. In order to achieve
FIMP type DM so that the Yukawa coupling of N1 comes out to be tiny, we consider the
complex matrix R to have the following form
R=

1 0 0
0 cos(zR + izI) sin(zR + izI)
0 − sin(zR + izI) cos(zR + izI)

with zR = 0.42 and zI = −0.4232. The justification behind such choice of R and other
possibilities of R matrix are mentioned in appendix A. We further choose the relevant
parameters as mη = 450 GeV, λ5 = 0.1, M2 = 10
7 GeV and
M3
M2
w 3 × 105 and plot
the evolution of comoving number densities of N2 and NB−L as a function of z in figure
3. As the temperature cools or z increases, the number density of N2 decreases due to its
decay while lepton asymmetry increases first followed by decrease due to washout effects
and finally saturates to a non-zero value. We then evaluate baryon to photon ratio ηB from
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the lepton asymmetry using the formula given in equation (44). We show the variation of
ηB with M2 for different benchmark values of relevant parameters like mη, λ5, ratio of heavy
singlet fermion masses M3/M2 in figure 4. In all these plots, we can see that the correct
baryon asymmetry (shown as the horizontal solid black line) can be obtained for different
values of these model parameters. One common feature in all these plots is that the scale
of leptogenesis M2 remains high M2 ≥ 107 GeV.
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FIG. 3. Evolution of nN2 (Comoving number density of N2) and nB−L (Comoving number density
of B − L) with z for normal ordering. The set of parameters used are mη = 450 GeV, λ5 = 0.1,
M2 = 10
7 GeV and
M3
M2
w 3× 105.
We finally scan the parameter space in M2 − λ5 plane by fixing mη = 550 GeV and
M3/M2 = 10
5. The resulting parameter space that satisfies the correct baryon asymmetry
is shown in figure 5. The lightest active neutrino mass is taken to be ml = 10
−13 eV in
the analysis of leptogenesis for normal ordering. As can be seen from this plot, the scale of
leptogenesis M2 gets lowered as we decrease λ5. This is primarily due to the fact that smaller
values of λ5 results in larger Yukawa couplings from the requirements of light neutrino masses
through Casas-Ibarra parametrisation. However, λ5 can not be lowered indefinitely as it will
give rise to strong ∆L = 2 washout effects at some point. If we lower λ5 further below this
point, the scale of leptogenesis again rises. Therefore, in case of normal ordering, the scale
of leptogenesis can be as low as around 107 GeV, below which successful leptogenesis is not
16
FIG. 4. Variation of final Baryon asymmetry with M2 for λ5 = 0.1, M3/M2 = 10
5 (upper left
panel), mη = 450 GeV, M3/M2 = 10
5 (upper right panel), mη = 450 GeV, λ5 = 0.1 (bottom
panel) for normal ordering.
possible.
We then study the possibility of N1 dark matter in the normal ordering scenario of light
neutrino masses. To study the FIMP possibility we first choose a benchmark of model
parameters which show the possibility of realising tiny Yukawa couplings of N1 required for
its non-thermal nature. We fix M1 = 300 GeV, M2 = 5.5×107 GeV, M3 = 105M2,mη = 450
GeV and λ5 = 0.1. The Dirac Yukawa structure for this choice of benchmark is given,
according to Casas-Ibarra parametrisation, by
Y=

5.9941× 10−10 + 0.i −0.00030 + 0.0010i −6.6655− 1.2740i
−7.7134× 10−10 + 5.4764× 10−12i 0.0027− 0.0004i −5.9738 + 11.7771i
6.1755× 10−10 + 5.0263× 10−12i 0.0020− 0.0004i 4.3688 + 8.6048i

In general, the analytical form of Yukawa matrix, followed from the Casas-Ibarra parametri-
sation discussed before and for the choice of R matrix mentioned before, can be written
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FIG. 5. Scan plot between M2 and λ5 taking mη = 550 GeV and M3/M2 = 10
5 for which the
observed baryon asymmetry is generated (in case of normal ordering).
as
Y =

√
m1
√
Λ1U11
√
m2C
∗(z)
√
Λ2U12 −√m3S∗(z)
√
Λ2U13
√
m2S
∗(z)
√
Λ3U12 +
√
m3C
∗(z)
√
Λ3U13
√
m1
√
Λ1U21
√
m2C
∗(z)
√
Λ2U22 −√m3S∗(z)
√
Λ2U23
√
m2S
∗(z)
√
Λ3U22 +
√
m3C
∗(z)
√
Λ3U23
√
m1
√
Λ1U31
√
m2C
∗(z)
√
Λ2U32 −√m3S∗(z)
√
Λ2U33
√
m2S
∗(z)
√
Λ3U32 +
√
m3C
∗(z)
√
Λ3U33

(45)
where C(z) = cos z, S(z) = sin z and Uij are the elements of PMNS mixing matrix. Clearly,
the Yukawa couplings of N1 to SM leptons and η are decided by m1, which is the lightest
active neutrino mass in NO. So in case of NO, we can have arbitrarily low Yukawa couplings
of N1 required for FIMP dark matter by taking m1 very small. We can also make the Yukawa
couplings sizeable by taking m1 similar to the scale of mass squared differences or in the
quasi-degenerate light neutrino mass regime, if we want to realise the WIMP scenario for
N1. On the contrary, we can not choose m1 to be arbitrarily low for IO of active neutrino
mass, thereby restricting our Yukawa couplings to be higher than certain values. However,
as we comment in appendix A, choosing different or more general R matrix can make it
possible to have FIMP type Yukawa for N1 in IO which however does not affect the results
related to leptogenesis. We will discuss about it later when we go to the discussion of IO
part.
To show the FIMP abundance, we choose benchmark values of Yukawa couplings Y =
Y11 = Y21 = Y31 = 10
−10, 10−9 for simplicity and show N1 abundance as a function of
z = mη/T in figure 6 for different benchmark values of parameters. As can be seen from these
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FIG. 6. Dark Matter (N1) relic versus z = mη/T taking both equilibrium and out-of-equlibrium
contribution. The set of parameters used are λ3 + λ4 + λ5 = 0.001, λ5 = 0.1 and Y = Y11 = Y21 =
Y31 = 10
−9 (left panel), Y = 10−10 (right panel).
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FIG. 7. Abundance of η versus z = mη/T for λ3 + λ4 + λ5 = 0.001, λ5 = 0.1, Y = 10
−9.
plots, the initial abundance of FIMP is negligible followed by its rise at two distinct epochs:
first when the mother particle is in equilibrium and later when the mother particle freezes-
out and then decays. Depending upon the Yukawa couplings the equilibrium contribution
varies, for example, when the Yukawa coupling is larger the equilibrium contribution to
FIMP abundance is also larger. For larger Yukawa, the final abundance of FIMP remains
higher, as can be seen by comparing the left and right panel plots of figure 6. The difference
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FIG. 8. WIMP Dark matter relic vs Dark matter mass for different benchmark parameters in case
of NO. The chosen benchmark is λ5 = 0.005.
due to the choices of (mη,mDM) is coming as these parameters affect the decay width of η into
N1. As FIMP mass becomes closer to mother particle’s mass, the decay width decreases
and hence the yield of DM also decreases slightly. In order to compare the evolution of
FIMP abundance with that of mother particle’s abundance we also show the variation of η
abundance as a function of z in figure 7. As can be seen there, the mother particle was in
thermal equilibrium in early epochs followed by its thermal freeze-out and then subsequent
fall in its abundance at lower temperatures (or higher z) due to its decay into FIMP. We
have used micrOMEGAs package [81] to calculate the freeze-out details of η in our work.
We also check the possibility of N1 as WIMP DM in NO case. However, for WIMP DM
we need much larger Yukawa couplings than the ones mentioned above for FIMP. Such larger
couplings are required in order to produce N1 thermally in the early universe which later
undergoes thermal freeze-out leaving the right relic abundance. We generate such large
Yukawa couplings by increasing the lightest active neutrino mass to ml = 10
−2 eV from
ml = 10
−13 eV before. Such increase in lightest active neutrino mass however, does not
change the leptogenesis results for NO which we discussed earlier. The relic abundance for
WIMP DM as a function of its mass is shown in figure 8 for different benchmark parameters.
As can be seen from this plot, the mass splitting between η and N1 plays a crucial role in
generating the correct abundance. For smaller mass splittings the coannihilation between η
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and N1 gets enhanced, bringing down the relic abundance within the observed limits. Here
also we have implemented the model in micrOMEGAs to calculate the relic abundance of N1.
We now move onto discussing the results for inverted ordering of light neutrino masses.
We choose the following R matrix in order to generate the desired Yukawa structure:
R=

1 0 0
0 cos (zR + izI) sin (zR + izI)
0 − sin (zR + izI) cos (zR + izI)

with zR = 1.5707 and zI = −0.0008. Once again, the justification behind such choice of
R and other possibilities of R matrix are mentioned in appendix A. The following Yukawa
structure is obtained for N2 leptogenesis with the benchmark parameter as M1 = 300 GeV,
M2 = 5.5× 104 GeV, M3/M2 = 10, mη = 450 GeV and λ5 = 0.001.
Y=

0.00042 + 0.i 2.011× 10−8 − 3.243× 10−8i 0.00171 + 9.587× 10−13i
−0.00026 + 0.00003i −1.3643× 10−7 − 9.104× 10−9 0.000222− 0.000159i
0.00027 + 0.00003i −1.413× 10−7 + 8.322× 10−9i −0.00215 + 0.000149i

0 10 20 30 40 50 60
0.1
0.125
0.15
0.175
0.12
0.31
0.49
0.68
z
n
B
-
L
×
1
0
7
n
N
2
FIG. 9. Evolution of nN2 (Comoving number density of N2) and nB−L (Comoving number density
of B−L) with z for inverted ordering. The set of parameters used are mη = 550 GeV, λ5 = 5×10−4,
M2 = 10
4 GeV and
M3
M2
= 100.5.
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FIG. 10. Variation of final Baryon asymmetry with M2 for λ5 = 10
−3, M3/M2 = 10 (upper left
panel), mη = 550 GeV, M3/M2 = 10 (upper right panel), mη = 550 GeV, λ5 = 10
−3 (bottom
panel) for inverted ordering.
In figure 9, we show the evolution of comoving number densities for N2 and B − L
asymmetry for chosen benchmark parameters. Clearly, the number density of N2 decreases
due to its decay while the B − L asymmetry increases as N2 abundance decreases. Unlike
in case of NO, here we are in a weak washout regime and hence the washout effects are
not much visible in the evolution of B − L asymmetry as it rises and saturates after a
certain temperature. We then show the variation of baryon to photon ratio with mass of N2
for different benchmark parameters in figure 10 and compare it with the observed baryon
asymmetry. Clearly, the observed baryon asymmetry can be produced by appropriate choices
of benchmark parameters. Interestingly, the scale of leptogenesis can be as low as TeV, unlike
in case of NO where the scale of leptogenesis was several order of magnitudes above TeV
scale. We finally show the parameter space in terms of M2 and λ5 which leads to the observed
baryon asymmetry in figure 11. For all these numerical analysis, we have taken the lightest
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neutrino mass to be very small 10−13 eV, similar to that of NO. As can be noticed from the
scan plot in figure 11, the scale of leptogenesis decreases as we decrease λ5. This is because,
decreasing λ5 allows the Yukawa couplings to be bigger from correct neutrino mass criteria.
However, we can not lower λ5 arbitrarily as it will make the ∆L = 2 washout effects too
strong at some point. Unlike in NO, here the scale of leptogenesis can be relatively lower,
around 30 TeV, below which successful leptogenesis is not possible, as can be seen from the
plot of figure 11.
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FIG. 11. Parameter space in M2 and λ5 for mη = 450 GeV and M3/M2 = 10 for which the
observed baryon asymmetry is generated for inverted ordering.
As mentioned earlier, we can not have FIMP type Yukawa coupling of DM in IO case due
to the structure of Yukawa matrix in terms of light neutrino parameters, for the particular R
matrix chosen. We first show the variation of Yukawa couplings of N1 with its mass in figure
12. It can be seen that the couplings can not be made as small as the ones for FIMP dark
matter, even though we use the lightest active neutrino mass very small ml = 10
−13 eV. We
therefore, pursue the WIMP possibility here and show that for small mass splitting between
N1 and η it is possible to produce the observed relic abundance. The relic abundance of
WIMP DM in IO scenario is shown in figure 13, which is very similar to the WIMP results
obtained in case of NO.
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FIG. 12. Variation of Yukawa coupling with respect to DM mass for IO. The chosen benchmark is
λ5 = 10
−6.
VI. CONCLUSION
We have studied the possibility of fermion singlet dark matter in the minimal scotogenic
model along with explaining the origin of baryon asymmetry of the universe through lep-
togenesis. The stable nature of the lightest right handed neutrino, being the dark matter
candidate, leaves us with the possibility of next to lightest right handed neutrino N2 decay
as the source of lepton asymmetry. Compared to the vanilla leptogenesis scenario with N1
decay as main source of lepton asymmetry in minimal scotogenic model, here the scale of
leptogenesis gets pushed above. Compared to M1 ∼ 10 TeV in N1 decay scenario, here we
get M1 ∼ 30 TeV for inverted ordering of light neutrinos and M1 ∼ 104 TeV or normal order-
ing. We have chosen a particular structure of the complex orthogonal matrix what appears
in the Casas-Ibarra parametrisation of Yukawa coupling, the justification for which is given
in appendix A. While the other choices are less efficient in producing the required asymme-
try, the chosen structure also explains why it is possible to obtain low scale leptogenesis in
inverter ordering scenario while it is not the same with normal ordering.
The correct dark matter relic abundance can be obtained in both the cases either through
thermal freeze-out of N1 or freeze-in via decay of Z2 odd scalar doublet η. In case of
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FIG. 13. WIMP Dark matter relic vs Dark matter mass for different benchmark parameters in
case of IO. The chosen benchmark is λ5 = 10
−6.
thermal freeze-out, the mass splitting between N1 and η plays a crucial role in enhancing
the coannihilations, bringing the abundance within observed limits. On the other hand,
in freeze-in case, the dark matter gets contributions from mother particle η while η is in
thermal equilibrium as well as after η freezes out. In spite of the scale of leptogenesis being
pushed to higher side, there exists rich new physics around the TeV scale in terms of dark
matter N1 and the Z2 odd scalar doublet, which can be probed at ongoing experiments.
Another interesting prospect of the model is its connection to cosmic inflation. As shown in
the recent work [34], the Z2 odd scalar doublet η can give rise to an inflationary phase of
expansion at very early epochs of the universe through its non-minimal coupling to gravity.
In the present model also, this remains valid except the fact that there will be additional
contribution to reheating as η can decay in our present model unlike in [34] where η was
considered to be DM and hence stable. We leave exploration of such additional interesting
features of our model from both cosmology and particle physics point of view to future
works.
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FIG. 14. Evolution of nN2 (Comoving number density of N2) and nB−L (Comoving number density
of B − L) with z for normal ordering and 1− 2 rotation in R matrix. The set of parameters used
are M2 = 10
7 GeV, mη = 450 GeV, λ5 = 10
−4 and M1 = 103 GeV.
Appendix A: Choice of R matrix and N2 leptogenesis
The choice of complex orthogonal matrix R that appears in the Casas-Ibarra parametrisa-
tion of Yukawa couplings (14), is crucial for both leptogenesis and dark matter phenomenol-
ogy. In general, it can be parametrised by three complex parameters. In case of only two
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FIG. 15. Evolution of nN2 (Comoving number density of N2) and nB−L (Comoving number density
of B −L) with z for inverted ordering and 1− 2 rotation in R matrix. The set of parameters used
are M2 = 10
10 GeV, mη = 450 GeV, λ5 = 0.1 and M1 = 10
3 GeV.
right handed neutrinos, the R matrix is a function of only one complex rotation parameter
z = zR + izI , zR ∈ [0, 2pi], zI ∈ R [82]. This does not leave much freedom in choosing R and
gives rise to a lower bound on the scale of leptogenesis very similar to the Davidson-Ibarra
bound M1 > 10
9 GeV [35] even in scotogenic model with two right handed neutrinos [33].
However, in our case, although leptogenesis is due to N2 decay, we still have more freedom
in choosing R compared to the two right handed neutrino scenario. As discussed in the main
text, our choice of R matrix is
R =

1 0 0
0 cos z sin z
0 − sin z cos z
 (A1)
Recalling the relation between Yukawa and R (14) that is, Y = UD
1/2
ν R†Λ1/2 and the
product of Yukawas relevant for CP asymmetry (Y †Y )ij =
√
ΛiΛj(RDνR
†)ij, we calculate,
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for the above choice of R matrix, the following quantity
RDνR
† =

m1 0 0
0 m2 cos z(cos z)
∗ +m3 sin z(sin z)∗ −m2(sin z)∗ cos z +m3(cos z)∗ sin z
0 −m2(cos z)∗ sin z +m3 cos z(sin z)∗ −m2(sin z)∗ sin z +m3 cos z(cos z)∗

(A2)
This clearly gives a non-zero complex entry in (Y †Y )23 which will contribute to net CP
asymmetry 2 in accordance with equation (32). This choice of R also explains the reason
behind the difference in the scale of leptogenesis we obtained for NO and IO. As can be
seen from the CP asymmetry parameter 2 given in (32), it is also inversely proportional to
(Y †Y )22. Therefore, for maximum CP asymmetry (Y †Y )22 should be smaller and imaginary
part of ((Y †Y )23)2 should be larger. As can be seen from the matrix given in equation (A2),
the (22) element can be made very small for IO by choosing z in such a way that makes cos z
small. The term containing sin z can be small by choosing m3 arbitrarily small. Since we
are not making sin z arbitrarily small, we can still have a larger (23) term of the matrix (A2)
to enhance the CP asymmetry parameter 2. However, in case of NO, we can not choose
either m2 or m3 to be small and hence it is not possible to get a hierarchy between (23) and
(22) terms of the matrix (A2). Therefore, the only way that can increase the CP asymmetry
parameter is by pushing the scale M2 up. This results in higher scale of leptogenesis in NO
compared to that in IO.
If we had taken a different choice of R, with the rotation parameters either in 1−3 plane
or 1− 2 plane, we will get
RDνR
† =

m1 cos z(cos z)
∗ +m3 sin z(sin z)∗ 0 −m1 cos z(sin z)∗ +m3(cos z)∗ sin z
0 m2 0
−m1(cos z)∗ sin z +m3 cos z(sin z)∗ 0 m1(sin z)∗ sin z +m3 cos z(cos z)∗

(A3)
and
RDνR
† =

m1 cos z(cos z))
∗ +m2 sin z(sin z)∗ −m1 cos z(sin z)∗ +m3(cos z)∗ sin z 0
−m1(cos z)∗ sin z +m2 cos z(sin z)∗ m1 sin z(sin z)∗ +m3 cos z(cos z))∗ 0
0 0 m3

(A4)
respectively. Clearly, the rotation only in 1− 3 plane can not give rise to non-vanishing CP
asymmetry in our case, as both (Y †Y )23 and (Y †Y )21 terms appearing in CP asymmetry
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formula (32) are vanishing as seen from (A3). A rotation in 1 − 2 plane can however, give
rise to a net CP asymmetry, as seen from (A4). We now try to estimate the strength of the
resulting lepton asymmetry from such a choice of R. Let us choose the R matrix to be
R =

cos z sin z 0
− sin z cos z 0
0 0 1
 (A5)
with z = 0.82 + 1.42i for NO and z = 0.48 − 0.58i for IO. We then solve the coupled
Boltzmann equations to find the evolution of N2 number density and B − L asymmetry for
both NO and IO. The resulting plots are shown in figure 14 and 15 respectively. As can be
seen from these two plots, the net lepton asymmetry generated for such a choice of R matrix
remain several order of magnitudes smaller than the required one. Therefore, it justifies
the use of 2 − 3 rotation in R matrix as was done in the main text. We also check that,
it still remains suppressed even if we push the scale of leptogenesis higher say M2 ∼ 1014
GeV. Apart from the R matrix, another factor which affects the resulting asymmetry is the
loop function F (rji, ηi) in CP asymmetry formula (32). For 1 − 2 rotation, it is effectively
the contribution from N1 in loop which is contributing the net CP asymmetry from N2
decay. Since N1 is lighter than N2 we have rji ≡ r12 < 1 and the loop factor F (r12, η2) gets
suppressed in this regime. On the other hand for 2 − 3 rotation the loop factor F (r32, η2)
can be large as we are in the regime rji ≡ r32 > 1.
Now, coming to the implications for dark matter sector, let us consider the R matrix to
be a multiplication of two different rotation matrices R = R23R13 given by
R =

cos z′ 0 sin z′
− sin z sin z′ cos z sin z cos z′
− cos z sin z′ − sin z cos z cos z′
 (A6)
This choice of R matrix will give us the following Yukawa couplings for N1 to the three
lepton generations
Yi1 =

√
m1
√
Λ1(cos z
′)∗U11 +
√
m3
√
Λ1(sin z
′)∗U13
√
m1
√
Λ1(cos z
′)∗U21 +
√
m3
√
Λ1(sin z
′)∗U23
√
m1
√
Λ1(cos z
′)∗U31 +
√
m3
√
Λ1(sin z
′)∗U33
 (A7)
where Uij are the PMNS matrix elements. If we set z
′ = 0, we recover the first column of
Yukawa matrix given in equation (45). In that case, as we mentioned earlier, if we have
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normal ordering of light neutrino masses, we can have small Yukawa couplings of N1 by
choosing small m1. Or else, we can choose sizeable Yukawa by choosing large values of
m1. These two scenarios can lead to thermal and non-thermal dark matter possibilities
respectively. Now, for inverted ordering, we can not have arbitrarily small Yukawa in the
z′ = 0 limit which we discussed in the main text above. Since for inverted ordering m3
can be arbitrarily small, we can choose z′ in such a way that cos z′ is very small. This
can in principle give rise to tiny Yukawa couplings of N1 in inverted ordering case, realising
the non-thermal dark matter scenario. Since 13 rotation parameter z′ does not produce
non-vanishing CP asymmetry as mentioned earlier, we did not discuss it in this work.
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